Nanoposts of 10-40 nm top diameter on an InGaN/GaN quantum well structure were fabricated using electron-beam lithography and inductively coupled plasma reactive ion etching. Significant blue shifts up to 130 meV in the photoluminescence (PL) spectrum were observed. The blue-shift range increases with decreasing post diameter. For nanoposts with significant strain relaxation, the PL spectral peak position becomes less sensitive to carrier screening. On the basis of the temperature-dependent PL and time-resolved PL measurements and a numerical calculation of the effect of quantum confinement, we conclude that the optical behaviours of the nanoposts are mainly controlled by the combined effect of 3D quantum confinement and strain relaxation.
Introduction
Semiconductor nanostructures, particularly those of quantum nature, have been proved beneficial for enhancing lightemission efficiency. Among the various nanostructures, recently nanoposts and nanocolumns have attracted much attention because of their relatively simple fabrication procedures. Basically, two methods have been used for fabricating semiconductor nanoposts.
In the top-down approach, electron-beam or other lithography and highquality dry etching have been used for fabricating 30 nm InGaAs/InP nanoposts [1] . A 14 meV blue shift was observed for the nanoposts. Also, InGaN/GaN nanoposts 60-100 nm in diameter and 500 nm in height were fabricated with a special dry etching condition without using any lithography process [2] . A certain effect of 3D quantum confinement was observed at a low temperature. Meanwhile, by using anodic aluminium oxide nanoparticles as the etching mask and inductively coupled plasma reactive ion etching (ICP RIE), GaN nanoposts around 60 nm in size were produced [3] . Strain relaxation in such a structure was observed through microphotoluminescence and micro-Raman spectroscopy measurements.
In the bottom-up approach, the direct growth of nanoposts has been reported.
With MBE, self-organized highdensity GaN nanocolumns on sapphire substrate 53 nm in diameter were grown [4] . On the basis of a similar growth concept, InGaN/GaN nanocolumns on Si substrate, efficiently emitting light over the whole visible range, were recently reported [5] . Other similar growth accomplishments include InGaN nanoposts 2 µm in length and 70 nm in diameter on sapphire substrate grown with MO-HVPE [6] , 150 nm InGaN nanoposts on Si substrate with MBE [7] , and GaN nanoposts with AlGaN/GaN and AlN/GaN Bragg reflectors for forming a nanocavity on Si substrate, grown with MBE [8] . Photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurements demonstrated the thermal stability of the optical properties of 70-90 nm InGaN nanoposts, indicating that quantum confinement plays a certain role in the optical properties of such a nanostructure [9] .
With all these efforts, however, the optical properties of an InGaN/GaN quantum well (QW) nanopost have not been well studied yet. In particular, the relative importance of the effects of strain relaxation and 3D quantum confinement in an originally highly strained InGaN/GaN QW has not yet been well investigated, when such a QW structure is transformed into a nanopost. In this paper, we report the fabrication of InGaN/GaN nanoposts and their optical characterization with a view to understanding the relative importance of the effects of strain relaxation and quantum confinement in such a nanopost. Nanoposts with diameter down to around 10 nm were fabricated using electron-beam lithography and ICP RIE on an InGaN/GaN QW structure. To the best of our knowledge, the 10 nm nanopost reported in this paper represents the thinnest pillar-shaped nanostructure on InGaN/GaN QW made with the top-down approach. From the PL and TRPL measurements, and a numerical calculation of the band structure, we find that the effects of strain relaxation and quantum confinement are both important in controlling the optical properties of such a nanostructure. This paper is organized as follows. In section 2, we describe the nanopost fabrication procedures and the optical characterization methods. The geometries of the nanoposts are also shown in section 2 with scanning electron microscopy (SEM). The optical characterization results are reported in section 3. Then, a discussion of the importance of the effects of strain relaxation and quantum confinement is given in section 4. Finally, conclusions are drawn in section 5.
Fabrication procedures and optical characterization methods
The InGaN/GaN QW epi-structure was grown by metalorganic chemical vapour deposition. It consists of five pairs of 3 nm thick In 0.15 Ga 0.85 N wells (grown at 710
• C) and 15 nm thick GaN barriers (also grown at 710
• C). The cap was a 20 nm GaN layer. The QW structure was grown on a 2 µm n-type GaN layer (grown at 1070
• C), which was grown on a (0001) sapphire substrate after a low-temperature-grown GaN buffer layer (25 nm, grown at 535
• C). In fabricating the nanoposts, electron-beam lithography was used to define the nanosize hole patterns on a thin (∼200 nm) poly(methyl methacrylate) (PMMA) film. The energy and current of the electron beam were 30 keV and 25 pA, respectively. By controlling the exposure time, different dosages, leading to different patterned beam sizes, can be achieved. The dosages used were 10, 17, and 25 fC, corresponding to nanopost sizes of 10, 25, and 40 nm, respectively. After the electron-beam exposure, a 20 nm Cr film was deposited on the top. Then, the lift-off technique was Figure 1 shows an SEM image of a nanopost array with diameters of about 10 nm at the top. The post diameters increase from 10 nm at the top to about 25 nm at the bottom. In such a nanopost of changing diameter, the five InGaN/GaN QWs become quantum discs with diameters ranging from 11.7 to 17.7 nm. Figure 2 shows the SEM image of a nanopost array about 40 nm in diameter. The post diameter increases from 40 nm at the top to about 80 nm at the bottom. Therefore, the diameters of the five quantum discs vary from 44.4 to 60.4 nm.
For PL measurements, a HeCd laser of 325 nm was used for excitation. The laser was attenuated by a neutral density filter, partially reflected by a beam splitter, and then focused onto the sample through a long-working-distance objective of 0.45 numerical aperture. The spot size on the sample was estimated to be 1 µm in diameter. Under such excitation conditions, only 22 or fewer nanoposts were excited. The sample was placed in a liquid-helium-flow cryostat for low-temperature measurements. The luminescence of the nanoposts was collected by the objective, filtered with a long-wavelength-pass coloured glass, delivered through a fibre bundle, and finally analysed with a 0.5 m monochromator. For TRPL measurements, we used the second harmonic of a 100 fs Ti:sapphire laser at 730 nm for excitation. The optical measurement set-up was the same as that for the PL measurement. A streak camera system with a monochromator for the temporal and spectral domain measurements of the luminescence from the nanoposts was used. The temporal resolution of the system is 19 ps. Figure 3 shows the PL spectra of the 10 nm, 40 nm nanoposts, and unpatterned samples, at room temperature with the excitation intensity at 0.4 W cm −2 . One can see that the PL spectral peaks of the 10 and 40 nm nanoposts blue shift by 121.8 meV (22.5 nm) and 96.65 meV (18 nm), respectively, from those of the unpatterned sample. Also, the full width at half-maximum of the spectrum decreases with the post diameter, from 163.5 meV for the unpatterned sample to 118.6 meV for the 10 nm nanoposts. The blue shifts can be attributed to two causes: strain relaxation and quantum confinement. The trend of decreasing spectral width can be due to the reductions of the QW potential tilt and the range of indium composition fluctuation in the nanoposts. The dependences of the PL spectral peak positions on the excitation intensity for the 10 nm, 40 nm nanoposts, and the unpatterned samples at room temperature, are shown in figure 4. Higher excitation intensity is expected to generate stronger effects of carrier screening and band filling, leading to a more significant blue shift in a particular sample [10, 11] . In the excitation intensity range up to 3.5 W cm −2 , the PL spectral peak of the unpatterned sample blue shifts by 94.5 meV (17.9 nm). However, the 40 nm (10 nm) nanopost sample peak blue shifts by only 55.8 meV (25.6 meV), which corresponds to 10 nm (4.5 nm). These results imply that the strain field originally in the QW is more relaxed in a nanopost of smaller diameter. However, the strain is not completely relaxed even when the quantum disc diameter is as small as 11-18 nm. Figure 5 shows the temperature-dependent variations of the PL spectral peak positions of the 10, 25, 40 nm nanoposts, and the unpatterned sample. The excitation intensity is kept at 0.07 W cm −2 . A close examination leads to the conclusion of a general trend that a nanopost of smaller diameter has a smaller red shift with increasing temperature. This result could be due to the fact that the temperature dependence becomes weaker when the 3D quantum confinement is more significant. Figure 6 shows the PL decay times of all these samples as functions of temperature, obtained from the TRPL measurements. The PL decay times were calibrated by fitting the time-resolved intensity profiles for the exponential decay time constants. One can see that the decay times generally decrease with temperature. The decreasing slope of the unpatterned sample is the steepest. The decay time increases with decreasing nanopost diameter. This variation trend is opposite to the effects of strain relaxation and quantum confinement. With strain relaxation, the overlap integral of electron and hole is expected to be increased, leading to enhancement of the recombination rate and hence a reduction of the PL decay time. Also, with quantum confinement, recombination efficiency is increased and hence the PL decay time is reduced. Therefore, the increasing trend of the PL decay time with decreasing nanopost diameter requires other explanations (see section 4).
Optical characterization results

Discussion
Because of the large lattice mismatch between GaN and InN (up to 11%), a strong strain field exists in an InGaN/GaN QW structure. Also, the low miscibility of GaN and InN leads to indium compositional fluctuation and indium-rich nmscale cluster formation in InGaN [12] [13] [14] . Such composition fluctuation and cluster structures are controlled by the strain condition in a QW [15] . The strain distribution results in a piezoelectric field and hence a potential tilt across a well layer that leads to a red shift of the emission spectrum and a reduction of the recombination efficiency. Such trends, called the quantum-confined Stark effect (QCSE), can be reversed when the strain is relaxed through nanopost formation or the piezoelectric field is shielded through carrier screening [10, 11] . In a thinner post, strain relaxation is more significant and hence the range of its PL spectral blue shift is larger. In such a sample, the carrier screening effect becomes less effective in causing spectral shift, as demonstrated in figure 4 . Besides strain relaxation, the effect of quantum confinement also plays an important role in the optical behaviour of a nanopost. The dimensions of the InGaN regions in our nanoposts are actually comparable to those of the quantum dots grown with the Stranski-Krastanov mode [16, 17] . To estimate the effects of 3D quantum confinement in the nanoposts, we performed the numerical calculation for the effective band gap of an InGaN/GaN quantum disc 3 nm in thickness. Because of the infinite barrier potential (semiconductor/air) in the lateral direction, the 3D Schrödinger equation can be split into two equations for the lateral and the crystal growth dimensions. With azimuthal symmetry, the Schrödinger equation for the wavefunction, R, in the lateral dimension becomes
which is a Bessel equation.
2 , and n is the angular quantum number. Also, r is the radius in the cylindrical coordinate, m is the carrier mass, E is the energy state level, andh is Planck's constant divided by 2π. Considering the lowest energy state, we set n = 1. With the boundary condition, R(k 0 a) = 0, where a is the radius of the post, we can solve for k 0 and hence E. In the calculations, the following parameters were used: the indium composition is 15%, the effective electron mass of GaN (InN) is 0.176 421 m 0 (0.103 228 m 0 ), and the effective hole mass of GaN (InN) is 1.713 018 m 0 (1.639 008 m 0 ) [18] . Figure 7 shows the calculation results, which show that the effective band gap blue shifts by about 50 meV when the post diameter is 11 nm. This blue-shift value is not quite half the measured PL shift (about 130 meV) at low excitation, implying that the effect of strain relaxation plays an important role in the blue shifts of PL spectra. However, the effect of quantum confinement is also important.
In figure 3 , we have shown that the PL spectral width decreases with decreasing post diameter. This trend is This contribution is particularly important for the 10 nm post because its quantum confinement effect is more significant. Therefore, the reduction of the spectral width in the nanopost is a combined effect of the reduction of the QW potential tilt, the decrease of the indium composition fluctuation, and the size variation of the quantum disc.
In figure 4 , one can see that the differences in PL spectral peak position between the three samples decrease with increasing excitation intensity. For instance, between the 10 and 40 nm nanoposts, the difference is reduced from about 40 meV at low excitation to around 10 meV at the excitation intensity of 2.25 W cm −2 . The 40 meV difference at low excitation (see figure 4) is quite close to the about 35 meV difference from the contribution of quantum confinement (see figure 7) . The proximity of the two numbers implies that the strain relaxation conditions of the 10 and 40 nm nanoposts can be about the same (but they are not fully relaxed yet). Therefore, the difference is mainly due to the quantum confinement. As the excitation intensity increases, a reduction of the QCSE occurs in both samples. However, the reduction for the 40 nm nanopost is more significant, leading to a shrinkage of the difference although the quantum confinement effects are quite different. The more significant reduction of the QCSE for the 40 nm nanoposts on increasing the excitation intensity is attributed to the smaller strain relaxation in this sample. With a stronger strain distribution, the QCSE is more significant and hence the effect of carrier screening is more prominent.
The only possible explanation for the increasing trend of the PL decay time with decreasing nanopost diameter is the reduction of non-radiative recombination after the nanoposts are fabricated. Because of the formation of quantum discs, carriers are well confined, away from the nonradiative centres, and the non-radiative recombination rate is tremendously reduced. This reduction dominates over the increasing trend of radiative recombination rate in forming nanoposts, leading to the decrease of the overall recombination rate. Hence, the PL decay times increase with decreasing nanopost diameter. Because the decreasing trend of the PL decay time with increasing temperature is mainly due to the increasing contribution of non-radiative recombination, nanoposts of weaker non-radiative recombination are expected to have weaker temperature dependences on the PL decay time. Note that the effect of surface recombination in the nanoposts may play a certain role in the variation trends of the PL decay time. However, from the increasing trend of the PL decay time with decreasing nanopost diameter, it seems that the surface recombination is not a dominating factor here.
Similar research has led to a decreasing trend of PL decay time with nanopost diameter [19] . In this work, arrays of 50 and 100 nm posts were compared with an unpatterned sample. The indium composition of the InGaN/GaN QW epistructure used was only 7%, which is significantly smaller than that for our samples. With the higher indium content in our samples, indium-rich clusters are normally formed [12] . The formation of such clusters is usually accompanied with the existence of stacking faults near the clusters [20] . In other words, the defect density becomes higher on increasing the indium content, as is the case for our samples. Hence, when the nanoposts were fabricated, the carrier confinement tremendously increased the PL decay time in our case. On the other hand, in [19] the dominating strain relaxation and quantum confinement led to a decrease of the PL decay time. It is noted that our PL decay times are still longer than those in [19] . This result is attributed to the contribution of carrier localization in our samples, which contain indium-rich clusters.
Conclusions
In summary, by using electron-beam lithography and ICP dry etching, nanoposts of 10-40 nm top diameter on an InGaN/GaN QW structure have been fabricated. Significant blue shifts in the PL spectra were observed. The blueshift range increased with decreasing post diameter. For the nanoposts with significant strain relaxation, the PL spectral peak positions became less sensitive to carrier screening. From the temperature-dependent PL and TRPL measurements and a numerical calculation of the effect of quantum confinement, we concluded that the optical behaviours of the nanoposts were mainly controlled by the combined effect of 3D quantum confinement and strain relaxation.
